This study focused on haplotype effects and linkage disequilibrium (LD) for the K232A locus and the promoter VNTR in the DGAT1 gene. Analyses were carried out in three German Holstein Frisian populations (including 492, 305, and 518 animals) for milk yield, milk fat and protein yield, and milk fat and protein content. We found that effects of the promoter VNTR were not significant and explain only a small amount of the variation of the QTL on BTA14. Haplotype effects were less significant than the K232A locus by itself, but the haplotype containing the A allele of the K232A locus and allele 3 with five repeats of the promoter VNTR showed negative effects on protein content when paternally inherited, whereas the haplotype with the A allele and VNTR allele 2 (with six repeats) increased the protein content. Significant differences between these two haplotypes occurred for protein yield as well, pointing to a linked effect that is picked up by the haplotypes rather than a direct effect of the VNTR. The linkage disequilibrium, estimated by D' , showed values between 0.29 and 0.59 which is unexpectedly low for a distance of ~10 kb. Only a very low correlation between the two loci was observed due to the almost similar frequencies of haplotypes containing the A or K allele of the K232A locus. 
Allel 2 mit sechs Wiederholungen den Proteingehalt steigert. Signifikante Unterschiede

Introduction
Several studies showed an association between gene variants of the acylCoA:diacylglycerol acyltransferase 1 gene (DGAT1) on BTA14 and milk composition and quality. A nonsynonymous mutation (K232A) in exon 8 as well as a variable number of tandem repeats (VNTR) in the promoter region of DGAT1 showed impacts on fat and protein content as well as on fatty acid composition (WINTER et al. 2002 , GRISART et al. 2002 , THALLER et al. 2003 , KÜHN et al. 2004 , CITEK et al. 2007 , RAHMATALLA et al. 2008 ). Significant dominance effects for the K allele as well as for allele 1 (seven repeats) and 5 (three repeats) of the VNTR on milk fat content have been reported only by KÜHN et al. (2007) . Additional association studies investigated the effects of haplotypes considering the two loci and showed different effects on the traits depending on which VNTR allele was present (SANDERS et al. 2006 , KÜHN et al. 2007 ). Furthermore, a high D' value of 0.98 between the two loci was presented for Holstein breeds (GAUTIER et al. 2007) which is expected for a distance of about 10 kb. In the present study, we analyzed the two loci of the DGAT1 gene in three German Holstein Frisian herds with respect to dominance effects and the association of maternal and paternal inherited haplotypes with milk, fat and protein yield, and fat and protein content. Furthermore, linkage disequilibrium between the two loci was calculated.
Material and methods
Genotype and haplotype data for the DGAT1 K232A locus, the DGAT1 promoter VNTR, as well as haplotype information were taken from RAHMATALLA et al. (2008) where all three herds were analysed as one. The three herds were formerly selected independently. Herd 2 was selected for high protein yield. Even if no allele differences are seen on the analyzed DGAT1 polymorphisms, genome-wide differences are very likely, and therefore, this study treated the three herds separately. The alleles of the K232A mutation were denoted as K (Lysine) and A (Allanin). Alleles of the DGAT1 promoter VNTR were denoted as 1 to 5, where allele 1 has seven repeats, allele 2 six, allele 3 five, allele 4 four, and allele 5 three repeats, respectively. Haplotypes were denoted as amino acid variant A or K and the number of the VNTR allele, e.g. A2. For the estimation of genotype and haplotype effects, only genotypes and haplotypes represented by at least 10 % of the animals were considered. Only complete records of milk production performance from the first to third lactation at the 305th day were considered. Thus, for the final analysis, herd 1 consisted of 492 animals descending from 106 sires, herd 2 of 305 animals from 79 sires, and herd 3 of 518 animals from 145 sires. Animal-specific performance data were provided by VIT (Vereinigte Informationssysteme Tierhaltung w.V., Verden, Germany). Because we did not want to include corrections outside the herds, data analysis was based on herd specific yield deviation (YD) for every lactation corrected for calving season based on the VIT data. Other factors had no significant influence. The mean YD over the first three lactations was calculated as the measure for all three lactations.
Genotype and allele substitution effects as well as haplotype effects for both loci were modelled according to RAHMATALLA et al. (2008; model 2, 3, 4, and 5) . The herd effect was tested including the herd as a fixed effect in model 2 of RAHMATALLA et al. (2008) and applied to a data set including all herds.
To show whether the haplotype as a combination of the two loci explains more variation than the single K232A locus following model was used:
where Yijkl is the YD of daughter j within sire i, μ is the overall mean of the herd, si is the random effect of sire i, K232Ak is the fixed effect of the DGAT1 K232A genotype k (AA, KA, KK), HTl is the fixed effect of either the paternally or maternally inherited haplotype l and eijkl is the random residual effect. All analyses were performed with the MIXED procedure of the SAS program version 9.2 (SAS 2008). Dominance values were estimated as the difference between the heterozygous and the mean of the homozygous genotypes for the DGAT1 K232A locus only. For estimating linkage disequilibrium (LD), D' (normalized LD between the two loci weighted by the product of allele frequencies), r 2 (pooled correlation between the two loci based on allele frequencies), and χ 2 (chi-square statistic to test for independence between alleles at the two loci) were calculated for multiallelic loci according to ZHAO et al. (2007) .
Results
The DGAT1 promoter VNTR was not in HWE, except for herd 2. The deviation from HWE for the VNTR locus might be due to a lower animal number or the presence of family relationships. Genotype and allele frequencies over 10 % are shown in Table A1 . Herd as a fixed effect in an analysis over all three herds did not show any significant influence on the DGAT1 loci.
However, slightly different effects were found between the herds if they were analysed separately. Paternal as well as maternal haplotype K3 showed a positive effect on the content traits in all three herds. The effects of the haplotype K3 showed deviations from additive effects in such way that the sum of the effect of the K allele and the VNTR allele 3 on fat content was higher than the effect of haplotype K3. Similar deviations were observed for other traits.
Model 1 was used to show whether the single K232A locus or the haplotype as a combination of the K232A and VNTR polymorphism has a greater effect. Including the K232A locus revealed that the haplotypes were almost always insignificant and explained less of the variance then the K232A locus on its own (Table 1) . This shows that the influence of the VNTR can be assumed as very small. The K allele showed significant dominance in all herds on all traits except for fat yield.
Only herd 3 showed a significant dominance effect for the K allele on fat yield. Furthermore, we report a dominance effect of the A allele on protein yield for herd 3 (P=0.0004), which has to be proven by further analysis. Relatively low D' values between 0.29 and 0.59 were estimated as a measurement of LD, and in addition very low r 2 values were observed. All estimates were highly significant with 4 degrees of freedom (Table 2) .
Discussion
Frequencies of both DGAT1 polymorphisms fulfilled the expectations for Holstein Frisians (SANDERS et al. 2006 , GAUTIER et al. 2007 , KÜHN et al. 2007 . The effects of the K232A locus as reported for Holstein Frisian breeds could be confirmed for all three herds (KÜHN et al. 2007 , RAHMATALLA et al. 2008 . Effects reported for the VNTR locus on the content traits could not be confirmed. A major effect for allele 1 (with seven repeats) was reported by KÜHN et al. (2007) . We did not find allele 1 with a sufficiently high frequency in our population. The missing VNTR allele 1, and thus, its absent allele effect might be restricted to this data set.
Taking the K232A locus into account, the VNTR locus alone as well as the haplotypes showed no significant effects, suggesting only a very small or no contribution of the promoter VNTR to the variation explained by the QTL on BTA14, which does not reach significance due to the smaller animal numbers in the separate herds. Nevertheless, excluding the K232A locus (model 3 by RAHMATALLA et al. [2008] ), significant differences between the paternal haplotypes A3 and A2 were found in two herds. Effects of the haplotypes followed in most cases the reported effects for the K232A alleles ( Figure A1 , Table A2 ).
Significant positive dominance effects of the Lysine DGAT1 variant (K) on fat content can be confirmed (KÜHN et al. 2007) . A striking point is the significant dominance effect of the Alanin variant (A) for protein yield in herd 3 while for herd 1 and 2 dominance of the K allele is indicated ( Figure A1 , Table A3 ).
In our populations, the K232A alleles occurred with frequencies up to 18 % with other VNTR alleles than allele 3 and did not show one exclusive haplotype, resulting in relatively low D' values compared to GAUTIER et al. (2007) . Nevertheless, we showed that the K232A alleles were associated with allele 3 of the VNTR more frequently than with other VNTR alleles. The low r 2 values result from the almost equivalent frequency of A3 and K3 haplotypes. The genetic background of herd 2, which had been selected for high protein yield, seems to have no influence on the DGAT1 effects. However, herd 3 shows deviation from the other two herds regarding dominance effects which can not be explained without more information about the population. This might reflect interaction of the DGAT1 locus with other regions in the genome. Unidentified population substructures as a result of the population history including gene flow and founder effects could cause the deviation in haplotype frequency. The determination of the LD between the biallelic K232A polymorphism and the multiallelic VNTR depends on the representative sample of animals of the population. The three herds in the present examination represent an unbiased sample with D' estimates between 0.29 and 0.59 for the LD. *The symbol of the haplotype consists of the allele at the K232A locus followed by the allele number of the VNTR allele. Differences between haplotype effects of DGAT1 (K232A and VNTR locus) in three herds (H1=herd 1; H2= herd 2; H3=herd 3). Differences between A3 and A4 were significant for paternally (p) inherited haplotypes in herd 3 for protein yield and in herd 2 for protein content. All other significant differences occurred between haplotypes containing an A or a K allele and effects followed the observed allele effects of the K232A locus. Unterschiede zwischen Haplotypeneffekten des 
